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© Enhanced amperometrfc sensor. 

© An amperometric sensor comprises a working electrode, a reference electrode, an enzyme whose catalytic 

3 activity on a substrate results in electroactlvity, and an enhancer compound which enhances the detected 
electroactivity. 

s 

CO 
CO 
CO 



UJ 



Xerox Copy Centre 



10 



15 



20 



EP 0 368 474 A2 



ENHANCED AMPEROMETRIC SENSOR 



Background of the Invention 

The present invention relates to sensors, and more particularly to sensors with r*££Th""^ 
Electrochemical sensors, and especially amperometric sensors are described. for example, n pubhshed 
European Patent Specifications 78636. 125137. and 184895. among others. Such sensors are based on 
enzyme systems, optionally with electron transfer agents to assist charge transfer and «nbe«dto 
dS for example naturally occurring metabolites such as glucose or cholesterol, or 
S to the body such as alcohol or a drug. In a typical mode of use. the system .s set up so that thweis 
a W^at ^amperometnc electrochemical sensor which is dependent on » ™^ 

The amperometric sensor can be constructed as a strip sensor, as described 
For preference, the strip element is a dry strip disposable test element, for use m c^unctov wrth a read 
out device to which the test element can be connected to g.ve a reading of me anaW .level after 
application of a sample to a target area of the test element. For example, the read-out dev.ce can be a 

^ period to a„ow for reaction, a reading can be ^n by = the 

working elecfrode at a suitable voltage, and monitoring the resultant current for a set time. By reference to 
c U rnrgerm°ated under standardised conditions with known concentrations of analyte. the current can be 
used to give a quantitative value of the analyte level. „■„-„«, ,o 

Such amperometric strip sensors can be used to give a disposable stop sensor for glucose, as 
illustrated by the "ExacTeclT (Trade Mark) sensor which is commercially available. 

A mediator is not always necessary for an amperometric strip ^"*«£o2a22 
describes a system for monitoring paracetamol. An electrode poised at a suitable potenta j""**^™ 
a sample suspected of containing an N-acylated primary aromatic am.ne, typically P«*>»t"*«« wrth an 
enzvme capable of catalysing the hydrolysis of the N-acylated primary aromatic amine. The current flowing 
25 fnTeSris a measure of the quariy of hydrolysis products formed and thereby of the concentration 
of N-acylated primary aromatic amine in the sample. 

in practice wit^e sensors of EP 1 84895. it is sometimes difficult 
using btood samples from patients receiving medication for paracetamol SCJS 
arises, for instance, with patients receiving antidote treatment The presence of the antidote interferes with 

30 More g7H.y. wrth some enzyme systems which might be used in such an 

there is a problem that the product derived from the substrate by enzyme activity is an i inhibitor jJM to 
Enzyme. Xn me product inhibits the enzyme, there is reduced enzyme activity, leading to a reduction in 
the charge transfer which might otherwise be obtained. 
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Objects of the Invention 

It is an object of this invention to provide a new electrochemical sensor with an enhancec I response tor 
detection of a substrate. A further object is the provision of a strip sensor system with an overlay 
grating an enhancer compound. A related object is a sensor with an enhancer «£« MW« 
e^with a product formed in an enzyme reaction and give extra electroactive compound 
by the sensor. An alternate related object is a sensor with an enhancer compound «h * remove mljtator 
p ro ?uced by enzymatic modification of the substrate, and car, lead to an increased signal in the analytical 
system. 

Summary of the Invention 

In accordance with the present invention, an enhancer compound is incorporated in the sensor In order 
to lead to an increased signal in the analytical system. , 

To his end. the present invention provides an amperometric sensor compnsing a working 
reference electrode, an enzyme whose catalytic activity results in electroactivity. and an enhancer com- 
pound which enhances the detected electroactivity. 
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Preferred Embodiments of the Invention 

In a preferred aspect, the amperometric assay system involves enzyme action on a substrate, and the 
enhancer compound reacts with the product to increase the current. 

s For example, the enhancer compound can serve to react with inhibiting or interfering compounds 
present in the system, including inhibiting compounds produced by enzyme action on the substrate. In this 
latter respect, the present invention is particularly appropriate for use with enzyme/substrate combinations 
where the enzyme is being employed to drive an equilibrium reaction in an unfavourable direction. In the 
invention, the removal of the product by further reaction with the enhancer compound has the effect of 

w pulling the equilibrium in the desired direction. 

In another example, the enhancer compound can serve to react with an electroinactive compound 
present in the system, in order to convert it to an electroactive compound. In this respect the present 
invention, is particularly appropriate for use with enzyme/substrate combinations where the enzyme acts on 
a substrate to give an electroactive compound. As part of the amperometric detection, such a compound is 

is converted to an electroinactive compound. The enhancer compound can regenerate an electroactive 
compound, leading to increased current 

In many situations, when testing for suitable enhancer compounds, we have found that it is readily 
possible to obtain a false negative result. Specifically, we have found that there is the possibility that the 
enhancer compound might react not only with the intended component, but also with the enzyme itself. 

20 With such an enhancer compound, the possible enhancement of current is frustrated by accompanying 
reaction of the enhancer compound with the enzyme. Overall, the effect is to negate the current increase 
which might otherwise be achieved with the adoption of the enhancer compound. 

The present invention seeks to avoid this problem, by presenting the enhancer compound in such a 
manner that it can react with the intended component but effectively not with the enzyme. This end can be 

25 achieved by separating the enhancer compound from the enzyme. 

To this end, the enhancer compound can be contained, for example, in one or more extra, porous 
layers, such as an overlay, of the strip. The one or more extra layers can be made, for example, of 
cellulose, nylon, polyester or other man-made fibres. The porosity can be selected as desired, for example 
in order to let through whole blood or to let through plasma or serum. The enhancer layer is preferably 

30 coated with surfactant such as a non-ionic surfactant, and effectively serves to pull the plasma or serum 
through to the electrodes. 

For preference, the layer containing the enhancer compound is of cellulosic paper. The nature of the 
paper is not critical, but typically it is a cellulose paper such as those available for the manufacture of tea- 
bags or for the manufacture of indicator papers. The selected material can be impregnated or otherwise 
35 coated with a solution of the enhancer compound. 

The paper or other overlay with the enhancer compound can be used in conjunction with other 
overlying layers. For instance, a protective mesh can be employed on the outer face of the sensor. The 
mesh is preferably coated with surfactant in order to wet the sample over the face of the target area sensor, 
while acting as a preliminary filter and protecting the underlying layers. The mesh can be of polymer, for 
40 example nylon or polyester, and the surfactant is typically a non-ionic surfactant more especially a 
polyoxyethylene derivative. 

In fabricating a sensor of the present invention, the existing knowledge can be taken into account 
concerning enzymes, enzyme substrates, etc. In this respect reference is made, for example, to the 
published European Patent Specifications in the name of MediSense, Inc (formerly Genetics International 
45 Inc). and related literature, such as the book Biosensors Fundamentals and Applications, eds Turner, 
Karube and Wilson. OUP 1987. 

The electrochemical sensor is preferably one which involves amperometric detection, and preferably 
utilizes a strip element, especially a throw-away dry strip. Accordingly the sensor electrodes preferably 
comprise electrode areas formed for instance by screen printing, spraying, or other suitable deposition 
so technique. 

For preference, a disposable test element carries a working electrode incorporating the appropriate test 
reagents for generation of a current indicative of the level of analyte, and a reference electrode. Typically, in 
the test element, the test reagents are in one or more carbon-based layers. The respective carbon mixtures 
are applied on to a conductive track on a support, for example in close proximity to a reference electrode 
55 mixture connected to a second track. In this way, a sensor is produced which is capable of working with a 
small sample of blood or other liquid covering the effective electrode areas. The mixtures can be suitably 
applied by screen printing. 

In a particularly preferred embodiment, the present invention provides a dry strip sensor which 
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comprises an elongate, electrically-insulating substrate having a pair of longitudinal, substantially parallel 
SSJ-conduSng tracks thereupon, each track being provided at ^^VeS^es ZtS 
electrical connection to a read-out means and provided with an electrode, one of the electrodes be.ng the 
reference electrode and the other being the working electrode with test reagents. eleetrica ,, v 
s More especially, such a sensor is suitably configured in the form of a supporting strip of electncaHy 
5 in mTeriat tch as a synthetic polymer (for instance pvc) carrying at a <^<^^ £ 
two elecfrodes supported on electrically conductive printed tracks. For example **°^*™J^JZ 
En of two rectangular areas side by side on the strip. Such areas can be 

covered by a single drop of sample, such as blood, for testing for an analyte. If desired, non-rectangular 

,o «Zrte lLTl *smcs diamond-shaped, semicircular, or triangular areas, can be employed to prov.de 
a target area for optimised contact by a liquid sample. eimiiar tn thn 

Furthermore, in a variation in accordance with this invention, there Is a •^JT?*^ 
working electrode but lacking the or at least one enzyme of the working electrode. Such a Wr ^electrode 
can lead to more reliable results, in that if charge passed at the third electrode i ; subtracted from charge 

, s passed at the working electrode, then the resulting charge is solely due to the reaction of interest. 

In a typical manufacturing procedure of a preferred sensor, an adhesive can be wnWw 
otheLe app.ied around the sample target area of each strip sensor followed by placemen and ^ 
over this area of paper coated with the enhancer compound. A protective mesh can be pos.tioned over the 
enhancer layer and held in place by an insulation print applied generally to the test element . m .on* to 

20 feave uncoaied both the sample target area and tormina, ends to be inserted in to a 

The present invention is illustrated by the use of enhancer compounds which react w "'^"9 
products of enzymatic reaction. In particular, but without being restrictive, the present mventio relates to an 
alcohol sensor, where typically an alcohol dehydrogenase functions in ^^J^^' 88 ' 
substrate in contrast to the typical enzyme reaction of this enzyme where the alcohol is the product. In the 

25 2£X£»* dehydrogenase converts afcoho. (ethano.) to acetaldehyde. ^^^^ 
dehydrogenase is accompanied by reduction of the enzyme cefaclor NAD to NADH, which in turn <w be 
de eSby transfer of charge from an electrode with the use of an electron transfer e^rt as a 
qu none, phenazine, or other aromatic compound. In this respect, reference is made to J Am Chem See 
(1985) 107. 479; US Patent 4271265; Analytical Biochemistry (1979) 99. 112; and J. Bectroanal. Chem. 234 

30 PP ^fpracVcfL acetaldehyde is an inhibitor of the dehydrogenase, and so a poor response is obtained 
wim clSTnCcon^entraL of alcohol. Lack of linearity makes difficult the adoption of this system as 

an ^mofa.XeSdSe by chemical means has been investigated with the 
35 linearity of the assay. Trials with Schiffs base-forming reagents and mono-ammes yielded little improve 
Assays using" buffers incorporating alcoho. and simple aliphatic diamines gavejlevated current 
responses. However, the benefit was lost completely when the diamine was .ncorporated « J* 
Sode mix. Spectrophotometry: experiments demonstrated that the diamine was removing acetaldehyde 
bv chemical reation. but the diamine was also inactivating the alcohol dehydrogenase. 
« " S fte present invention, a diamine compound is employed, for instance in a porous i overlay of «• 
sensor. The diamine reacts with the acetaldehyde being produced, in order to prevent mh.bit.on of the 

deh TyplcZ for the alcohol sensor, the diamine compound is a diamine witt, two or three intervening 
atoms between the respective nitrogens of the diamine. It is proposed that the 

45 overlayer above the working electrode. When a sample containing alcohol is applied to ^^dew* 
°Zine overlay, the diamine is released. It then reacts with acetaldehyde rang I from the enjjrrajc 
oxidation of alcohol. For preference, the diamine is coated on the porous material together w.th a surfactant. 
^iSSrJ not' limited to enhancer compounds which remove inhibiting P^^LtS 
agents can be employed to remove or retard other components which interfere w.th ^amperometoc 

so Say Furthermore the enhancer compound can serve to modify the product to mcrease rts electrochem,- 

CSl TpSicular. but without being restrictive, the present invention relates to a paracetamol sensor. For the 
basic construction of such a sensor, the reader is referred, for example to EP 184895 

Thus, in a specific aspect, this invention provides an electrochemical sensor for ^P^cjamol^ whteh 
55 employs an enhancer compound to overcome interference by antidote treatment. A suitable enhance 
ZZ^TZ^s^sor is a thiol^ontaining compound. The nature of the Hoi 
pSlarly critical. For example, the thiol compound can be ^^.^^^^ 
dithiothreitol. mercaptoethanol. or other thiol compound generally conformmg with the formula R-SH. 
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Without being bound by theory, it is hypothesised that the electrochemical detection of paracetamol 
ordinarily proceeds in accordance with the following reaction scheme, resulting in formation of electroactive 
p-aminophenol which is converted to electroinactive quinoneimine: 



5 



10 



15 



20 




o. 

(Minor* imint 



It is then further hypothesised that in the presence of a thiol compound R-SH, the quinoneimine is 
converted to an electroactive p-aminophenol substituted with a thio group -SR, which In turn forms an 
electroinactive substituted quinoneimine, and so on as shown in the following reaction scheme: 
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Regardless of hypothesis, it is observed that higher currents and more reliable results are achieved 
when the thiol compound R-SH is present in the assay system, 
so Tne Present invention is thus particularly appropriate for use with enzyme/substrate combinations where 
the electroactive product of the enzyme reaction can be converted back to an electroactive compound by 
the enhancer after the redox reaction at the working electrode gives an electroinactive compound. In the 
invention, the generation of fresh electroactive compound gives the desired enhancement of response. 



Examples of the Invention 

The present invention is illustrated by the following Examples. 
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Example j EP1 04395, Multiple test 

,S ^nsercontror) of the control electrode. 
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cvampte 2 (Comparative) 
(a) Test elements 
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(a) Test elements subdividing a sheet of pvc 

following print mix was employed. 

2.25 g carbon powder 

1.5 g gelling agent 

30 0525 g surfactant 

0.225 g electron transfer compound 

SKWOOO 0 alcohol dehydrogenase 

^rent was then measured with varia«on in alcohoHeve, A poor response 
unsuitability for analytical use. 

(b) Test elements with diamine • 1ormu lation of 

Example 2 at concentrations ot <luvo anu 

Mb S tested, these electrodes ^ - ^ylene^amine was a P^'^llS 

55 

Example 3 - 0/ w/v solution of 

Ti— — — *** - - " pap " 
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ethylenediamine in 0.2 M BES buffer at pH 7.5 and then allowing them to dry. They were then placed over 
strips produced as described in Example 2(a), and alcohol solution applied to the test area. These showed 
enhanced currents and a more linear response, indicating that a layering approach may well be successful. 
Initial optimization work involved finding a suitable and reproducible method for placing the coated layer 
5 over the alcohol strip. This work involved printing an aqueous-based glue around the target area of the strip 
. followed by placement and adhesion of the coated layer over this area. A nylon mesh was then placed over 
the diamine layer and held in place by a final insulation print. 



w Example 4 

A range of diamines was obtained, as follows: 
1. 2.5-diaminopyridine dihydrochloride 
2. 1 ,2-diamino-2-methylpropane 
;5 . 3. 1,3-diaminopropane dihydrochloride 

4. 3,5-diaminoben2oic acid dihydrochloride 
5. 1 ,2-diamlnopropane 

6. m-xylylenediamine 

7. ethylene diamine 

20 Initial studies involved preparing a range of concentrations of the compounds in buffers at pH 6.5 and 
7.5 and adding various amounts of alcohol. These were tested on strips produced as described in Example 
2(a), and were shown to produce enhanced currents (up to 80 mA). 

Further studies were performed to evaluate the most effective of the diamine compounds for removing 
acetaldehyde from the reaction mixture solutions. These experiments were performed at both pH 6.5 and 

25 7.5. 

Of the compounds tested the following potencies were obtained:- 
compound (2) > compound (3) > compound (5) = compound (7) 
Compound (2), 1 ,2-diamino-2-methylpropane, is therefore preferred. 

The data, when considered in conjunction with the results obtained by adding aJcohol/diamine solutions 
30 to strips produced as described in Example 2, showed a trend. There was a correlation between 
effectiveness of the compound and the ability to form 5- or 6-membered ring structures. 

This might be attributable to the fact that the reaction between the diamine and acetaidehyde is a two 
step mechanism: 

1 ) Initial attachment of the free amine on to the carbonyl carbon of acetaldehyde. 
35 2) Ring closure to form a 5 or 6 membered ring system. 

If step (1) is reversible, but step (2) is not reversible, then the effectiveness of the diamines can be 
rationalised. The potency of Compound (2) is then due to the steric orientation of the -NH 2 groups in 
juxtaposition which gave improved complexation ability. 

40 

Example 5 

A cellulosic tea-bag materia] (Schoeller and Hoesch 121) was dip coated in a 10% solution of 1,2- 
diamino-2-methylpropane buffered at pH 7.5, containing 1% (by vol) of a polyoxyethylene-alkyl ether 
45 surfactant. The material was air dried for 12 hours at room temperature before being placed over the 
working electrode. It was held In position by an adhesive which was screen-printed on the periphery of the 
working electrode of a test element prepared in accordance with Example 2(a). 

In Rgure 2, the results (a) with this electrode are compared with the results (b) for the electrode without 
overlay. The data demonstrate that the use of an overlay gives a more linear calibration. 



Claims 

1. An amperometric sensor which comprises a working electrode, a reference electrode, an enzyme 
55 whose catalytic activity on a substrate results in electroactivity, and an enhancer compound which enhances 

the detected electroactivity. 

2. A sensor according to claim 1, wherein the enhancer compound reacts with a product of the enzyme 
activity. 
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^ttitzz^ is ^ emp,oyed ,o drive an equi,ibrium reacton 

in "tl^ r S'to claim 1. wherein the enhancer compound reacts with an eiectroinactive 
compound, in order to convert it to an electroactove compound, electroactive 

electroactive compound from the eiectroinactive compound { jn 5UC „ , 
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